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VERTEBRATE GROWTH PLASTICITY IN RESPONSE TO 
VARIATION IN A MUTUALISTIC INTERACTION 
ANJALI BHARDWAJ 
ABSTRACT 
A fundamental question of evolutionary ecology is, what determines body size? In 
general, the body size of vertebrates is thought to be relatively inflexible, a product of 
their genes, food, environment, and stress. However, vertebrate growth can be plastic in 
response to population interactions such as predator-prey and competition. While these 
relationships can elicit plasticity of vertebrate growth, mutualistic relationships have yet 
to be investigated. An iconic example of mutualism involving a vertebrate is the 
relationship between anemone and anemonefish. In this interaction anemonefish size is 
often positively correlated with anemone size. Here, I test the hypothesis that 
anemonefish growth is a plastic response to variation in anemone size. Juvenile clownfish 
(Amphiprion percula) of relatively uniform size were paired with sea anemones 
(Entacmaea quadricolor) of variable size and monitored over three months. The average 
anemone size over the course of the month was then used to predict the fish growth each 
month. Mixed model analyses verified that anemone area is significantly associated with 
both change in fish standard length and change in fish body depth. Fish in larger 
anemones grew more than did fish in small anemones. Remarkably, individuals in large 
anemones achieved this despite receiving the same amount of food as individuals in small 
anemones. This clownfish growth plasticity in response to anemone size might be 
adaptive if anemone area is a good indicator of resource availability in the wild, because 
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it would enable the fish to maximize their reproduction without compromising survival. 
This study extends the understanding of how plasticity of vertebrate species can be 
influenced by a wide variety of population interactions. 
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Phenotypic plasticity, the ability to shape an organism’s response to environmental 
factors and disturbances, can differ among populations, among individuals, and even 
within individuals of the same species (Scheiner 1993; Brommer 2013). Understanding 
this plasticity is essential for understanding relationships between organisms and their 
biotic and abiotic environments (Travis 1994). Plasticity allows for organisms to 
acclimate to heterogenous environments (Via et al. 1995). The direction and degree of the 
response, otherwise known as the norm of reaction, can change depending on the type of 
environment the organisms inhabit (Travis 1994; Via et al. 1995). The divergence in 
phenotypic response by an organism is thought to be adaptive if a range of different 
phenotypes are produced in multiple environments in a way that enhances overall 
performance in each environment (Dewitt et al. 1998; Travis 1994). The benefit of 
adaptive phenotypic plasticity is that it maximizes the fitness of an organism all while 
producing a better pairing between the organism and its environment (Dewitt et al. 1998; 
Agrawal 2001). A classic example of this is that of Daphnia pulex (water fleas), which 
produce offspring with spines in the presence of their predators Chaoborus spp. (midge 
larvae), enhancing their survival (Hasel 1985; Travis 1992; Mougi & Kishida 2009). This 
type of morphological plasticity, as well as plasticity of growth and size, is generally 
considered a type of adaptive phenotypic plasticity, because it enhances performance and 
protection for many animals (Havel 1985; Travis 1992).  
 
While the growth and size of vertebrates is thought to be relatively fixed compared to that 
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of invertebrates, plasticity of vertebrate growth and size has been known to occur in 
response to a wide variety of both abiotic and biotic conditions (Agrawal 2001).  
Environmental conditions, competition, and predation have all been known to elicit 
plasticity of vertebrate growth (Pfenning 1990; Brönmark & Miner 1992; Wikelski & 
Thom 2000; Huchard et al. 2016). A study on Galápagos marine iguanas (Amblyrhynchus 
cristatus) found that adults exhibited environmentally induced changes in body length in 
response to low food availability caused by El Niño events (Wikelski & Thom 2000). 
Similarly, spade-foot tadpoles (Scaphiopus multiplicatus) have been found to exhibit 
environmentally induced standard length variation due to the ingestion of fairy shrimp in 
habitats with shorter pond longevity (Pfenning 1990). Plasticity of vertebrate growth has 
also been seen in response to social competition (Buston 2003; Wong et al. 2007; 
Huchard et al. 2016; Reed et al. 2019). Both male and female Kalahari meerkats 
(Suricata suricatta) have exhibited increased growth rates in response to the increase in 
growth of their competitors (Huchard et al. 2016). S. suricatta are also capable of 
accelerating their own growth rate after achieving dominance to create a larger size gap 
between the dominant individual and the following subordinate (Huchard et al. 2016). 
Predator-induced phenotypical change has been documented in crucian carp (Carassius 
carassius), with carp in the presence of piscivorous pike (Esox lucius) displaying an 
increased body depth (Brönmark & Miner 1992). Knowing that predation and 
competition have an effect on the plasticity of vertebrate growth raises the question of 
whether other population interactions, such as mutualism, might play a role in 
determining vertebrate growth patterns.  
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Mutualism is defined as a population interaction in which both organisms benefit. There 
are two different forms of mutualism; indirect and direct (Boucher et al. 1982). Indirect 
mutualism occurs when there is no direct contact between species while direct mutualism 
involves two species physically interacting with one another (Boucher et al. 1982). Four 
of the major benefits of direct mutualism include nutrition, energy supply, protection and 
transport (Boucher et al. 1982). Interestingly, mutualistic interactions are thought to be 
partially stabilized by reciprocal phenotypic change over ecological time (Agrawal 2001). 
For example, hummingbirds (Selasphorus platycercus and S. rufus) and their host plant 
(Ipomopsis aggregata) are part of a mutualistic interaction in which the hummingbird 
benefits by gaining nutrients, and the flower benefits by having their pollen spread (Irwin 
& Brody 1998). A study on their interaction showed that hummingbirds selectively 
avoided I. aggregata with reduced nectar, resulting in decreased plant fitness and 
increased daily net rate of energy intake for hummingbirds (Irwin & Bordy 1998). The 
avoidance and attraction depending on rewards in a mutualistic relationship is a 
reciprocal change causing the two organisms engaged in the interaction to continually 
respond to each other, likely in regard to morphological traits (Irwin & Bordy 1998; 
Agrawal 2001). Despite this, there has been no evidence to suggest that plasticity of 
vertebrate growth might be dependent on mutualistic interactions. Given this gap in 
knowledge, I set out to examine a mutualistic relationship in depth in order to determine 
if variation in one organism affects the phenotype of their mutualistic partner. 
 
Anemonefish (subfamily Amphiprioninae) and sea anemones (Anthozoa: Actiniaria) are 
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one of the most iconic examples of marine mutualism (Allen 1972; Ollerton et al. 2006). 
Anemonefish form obligate associations with sea anemones and provide the anemones 
with protection against predators as well as an ammonia source for their algal 
photosymbionts (Porat & Chadwick-Furman 2005; Cleveland et al. 2011). In return, the 
anemone and its nematocysts provide an ideal habitat in which anemonefish and their 
eggs receive protection from predators (Mariscal 1970; Elliott et al. 1995). Anemonefish 
are protandrous hermaphrodites that form groups of unrelated individuals consisting of a 
single breeding pair and zero to four non-breeding adults (Fricke & Fricke 1977; Buston 
2004; Buston et al. 2007). In many anemone-anemonefish interactions, fish size, group 
size, and anemone size are positively correlated and it has proven difficult to disentangle 
cause and effect of these relationships (Fautin 1992; Elliott & Mariscal 2001; Mitchell & 
Dill 2005; Kobayashi & Hattori 2006). In at least some systems, group size is dependent 
on female size as individuals downregulate their own growth to remain smaller than, and 
avoid conflict with, those above them in the dominance hierarchy, making groups that 
look like sets of Russian dolls (Buston 2003; Buston & Cant 2006; Branconi et al. in 
review). Similarly, the size of the anemone is likely dependent on group size, due to 
protection from anemone predators, transfer of nutrients, and increased oxygenation and 
aeration (Holbrook & Schmitt 2004; Porat & Chadwick 2004; Cleveland et al. 2011). It is 
unknown whether the size of the individual anemonefish is dependent on anemone size, 
but it is plausible that this is the case given that fish seem to grow more in large 




Here, I test the hypothesis that clown anemonefish, Amphiprion percula, will exhibit 
plasticity of growth and size in response to variation in anemone size. Further, I 
discriminate between two alternative mechanisms: i) the plastic response to anemone size 
occurs irrespective of food availability; ii) the plastic response to anemone size is simply 
because large anemones provide more access to food. I placed clown anemonefish 
Amphiprion percula settlers into a range of sizes of bubble-tip anemones 
(Entacmaea quadricolor) under controlled conditions in the laboratory and tracked fish 
growth through time. My results provide support for the idea that vertebrates can exhibit 




Materials and Methods 
 
Adult Broodstock 
This experiment was conducted at Boston University (Boston, MA, USA) from January 
to June 2020. All fish used in this experiment were reared from fish that were caught as 
non-breeders (less than 30 mm in standard length) in Papua New Guinea and supplied by 
Quality Marine and Sea Dwelling Creatures. All fish were paired in the lab and had been 
breeding for more than 5 years. A detailed description of broodstock housing conditions 
can be found elsewhere (Schmiege et al. 2018; Barbasch & Buston 2018). Each morning, 
pairs were checked for evidence of spawning, and subsequently the fertilized eggs were 
monitored as they developed. Eight days after spawning, large clutches were moved to 
separate 37.85 liter tanks for hatching and rearing.  
 
Juvenile Rearing 
In the rearing tank, air stones were placed directly under the clutch to keep the embryos 
aerated until they hatched. On hatching, air stones were kept in the tanks at a continuous 
steady stream to provide circulation. Larvae were fed a diet of cultured rotifers for the 
first 0–8 days of their life (10 rots/ml), artemia on days 4–14 (5 artemia/ml), and the 
water was greened with algal paste (0.5 ml of Rotigreen Nanno, Reed Mariculture), until 
they settled (settlement occurs after about one week in the lab). Post 14 days, their diet 
was transitioned to granulated pellets dressed with Haematococcus approximately 250 – 
350 µm in size (Reef Nutrition, TDO Chroma Boost). Lighting was provided by 
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overhead aquarium lights (Top Fin, LED) on a timer (12 hours light : 12 hours dark), and 
the sides of the larval rearing tanks were covered to minimize disturbance. Water quality 
was maintained at salinity of 33–35 ppt, temperature of 25.56 – 27.78°C, and pH of 8.3. 
Partial water changes (50%) were performed daily as well as salinity and temperature 
readings. Fish were reared for approximately 4 weeks until they were a mean size of 
10.86 mm (+/- 0.19 standard error (SE)) in standard length, at which time they were 
moved into juvenile housing. 
 
Juvenile Housing 
Experimental juvenile fish (n = 44) were housed in forty-four 113.5 L (30 gallon breeder) 
tanks distributed across four environmentally independent racks. Each rack had its own 
continuous flow of recirculating saltwater (4,400 gallons per hour; Instant Ocean Salt), its 
own pump (Reeflo Hammerhead), its own protein skimmer (My Reef Creations Pro 2), 
and UV water treatment system (30,000 uWs). The abiotic conditions of each rack were 
kept similar to those of the natural habitat of A. percula: salinity (31–33 ppt), temperature 
(25–28°C), pH (8.0–8.3). Water quality (salinity, temperature and pH) was continually 
monitored by a Profilux computer controller, and regularly tested (Salifert Carbonate 
Hardness/Alkalinity, API: Nitrite, Nitrate and Ammonia test kits) to maintain stable 
conditions.  
 Each tank had a standardized set-up complete with an overhead lighting system to 
mimic sunlight exposure patterns (Sun System: TEK LIGHT, 12 hours light : 12 hours 
dark). Three of the four tank walls were covered to limit excess exposure to light while 
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also providing visibility into the tanks for monitoring. Each tank had approximately 1.27 
cm of sand on the bottom and an overflow pipe on one side. At the other end of the tank 
there was a 15 cm2 ceramic tile, with a reef rock, a few anemones (Entacmaea 
quadricolor), and a breeding pair of clownfish. At the opposite end of the tank, at a 
distance of approximately 20 cm, we placed a mesh cylinders (0.16 or 0.32 cm mesh), 
with a radius of 10.16 cm and a height of 30.5 cm, that exceeded the water level (~27 
cm), creating a segregated space for our experimental juveniles and their anemones.  
Into these cylinders, we placed one 15 cm2 ceramic tile, a standardized reef rock, 
single anemone (Entacmaea quadricolor), and a single juvenile clownfish. The anemones 
were introduced and settled on the tiles (n = 26) or rocks (n = 18) at least one week 
before fish were added. Fish were introduced and covered by a 40 oz food storage 
container with drilled in holes covered by mesh until they settled into their anemone. 
Introduction chambers were removed after 24 hours, leaving the fish free to move about 
the cylinders, though mostly they stayed nestled in their anemone tentacles. 
 
Experimental Design 
To test the hypothesis that fish growth will be a plastic response to the size of the 
anemone we placed similar sized fish into anemones of varying sizes.  Fish and the 
anemones were paired haphazardly, so that initial fish size was unrelated to initial 
anemone size. The amount of food that the fish received was not related to anemone size: 
fish were fed to satiation using a rationed diet of 0.25 ml of granulated pellets dressed 
with Haematococcus, once a day, seven days a week. Subsequently the size of anemones 
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and growth of fish was monitored each month for three months and we performed a 
repeated measures analysis, using a mixed model framework, to determine the effect of 
anemone size on fish growth each month.  
 
Anemone metrics 
Anemone measurements were made four times per month, at one week intervals, over the 
course of the experiment (t01, t12, t23). Photographs were taken using an underwater 
camera (GoPro Hero7) from a position that maximized visible tentacle breadth including 
1 x 1 inch card for scale. ImageJ (Schneider et al. 2018) software was used to trace the 
perimeter of all live tissue and estimate surface area of the anemone. Multiple measures 
of each anemone were taken to account for expansion behavior and growth across the 
month, and the average of these measures was used as an estimate of anemone size each 
month. Two anemones split during the course of the study, and they were removed from 
the dataset for all subsequent months.  
 
Fish metrics 
Fish measurements were made four times, at four week intervals, over the course of the 
experiment (t0, t1, t2, t3). When small (t0 and t1), fish were removed from their tank and 
placed on a microscope slide with an engraved 1 mm gridline system as a scale. The fish 
were photographed using a stereoscopic microscope (Nikon SMZ745: 7.5x zoom and 115 
mm working distance) with a camera (Canon EOS60D) attached to a computer. 
HeliconRemote (ver. 3.9.10 M) was loaded onto the PC and allowed for three high 
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quality photographs of each fish to be taken. ImageJ was then used to determine the 
standard length (SL; length measured from the distance between the tip of the snout to 
the last vertebrae) to 0.01 mm and body depth (BD; a vertical measurement containing 
the distance between the dorsal and ventral margin) to 0.01mm from each photograph. 
The average of the three measurements for SL and BD were used as the monthly 
measurement for each individual. When larger (t2 and t3), fish became too mobile to 
photograph under the microscope. They were placed onto a dive slate where their SL and 
BD were measured to 0.1 mm using vernier calipers. Following measurement, fish were 
returned to their cylinders and monitored until they returned to their anemones. All fish 
swam directly to their anemones after being placed back in their cylinders. Fish growth 
per month was calculated as the difference in size (SL or BD) between two time points.  
 
Statistical analysis  
To test the hypothesis that fish growth will be a plastic response to the size of the 
anemone I conducted two mixed model analyses. I used fish growth per month (change in 
SL or change in BD) as the dependent variables and average anemone size for each 
month as the independent variable of primary interest. Average anemone size each month 
was log transformed so that its distribution better conformed to assumptions of normality. 
I statistically controlled for the effect of initial fish size at the beginning of each month 
(SL or BD), because fish growth is negatively related to size. I initially included effects 
of clutch (2 levels) and month (3 levels), because growth has the potential to be different 
between clutches of from one month to the next. I investigated all two-way interactions. 
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Fish ID was entered as a random effect to control for the lack of independence among 
repeated measures of the same fish. Variables and interactions were removed from the 
model in a backward stepwise fashion if they were not significant. All interactions as 
well as clutch were removed as they had no significant effect and did not improve model 
fit. Assumptions of normality, linearity and homoscedasticity were checked using Q-Q 
and residuals vs fitted values plots. Collinearity of fixed effects were checked also. High 
variance inflation factors and correlation between month and initial SL/BD resulted in 
month being removed from the mixed model. Initial SL/BD was left in the model over 
month because month is arbitrary while initial SL/BD is biologically meaningful in 
regards to change in SL/BD. P-values of mixed models were calculated in R using the 
following formula: 2*1(1-pnorm(abs(model coefficient t-value))) (Appendix A). All 






At the start of the experiment, the mean (+/- SE) standard length (SL) of fish from clutch 
1 was 10.81 +/- 0.44 mm  (range 7.43 – 12.96; n = 15), the SL of fish from clutch 2 was 
10.88 +/- 0.19 (range 8.87 – 12.89; n = 29), and the SL of fish from both cutches was 
10.86 +/- 0.19 mm (range 7.43 – 12.96 mm; n = 44). There was no statistically significant 
difference in initial SL between clutch 1 and clutch 2 (Welch Two Sample t-test: df 
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=84.17 ; t = -0.19, p = 0.85). At the beginning of the experiment, the mean (+/- SE) body 
depth (BD) of fish from clutch 1 was 4.44 +/- 0.18 mm (range 2.88 – 5.35), the BD of 
fish from clutch 2 was 4.49 +/- 0.18 mm (range 3.51 – 5.45), and the BD from both 
clutches was 4.48 +/- 0.56 mm (range 2.88 – 5.45). There was no difference in initial BD 
between the two clutches (Welch Two Sample t-test: df =86.11 ; t=0.04, p=0.97). At the 
start of the experiment, the mean (+/- SE) anemone size was 12.32 +/- 1.44 cm2 (range 
0.96 – 46.32 cm2; n = 44). Initial fish size was unrelated to initial anemone size (Pearson 
Correlation: SL=-0.09, BD=-0.16, ANOVA: df=129, t=5.54). 
 
Change in Fish Standard Length in Response to Variation in Anemone Size 
The mixed model analysis revealed that change in standard length was related to both log 
anemone area and initial standard length (Table 1). There was a significant positive effect 
of log anemone area on change in SL in the mixed model (Figure 1a). A one unit increase 
in log anemone area was associated with a 1.04mm increase in standard length. There 
was also a significant negative effect of initial SL on change in SL (Figure 1b), 
suggesting that for every 1 mm increase in initial SL, the change in SL decreases by 
0.28mm. Log anemone area and initial SL accounted for 23.6% of the variation in change 
in SL (Marginal R2: 0.236). A reduced model including only initial SL accounted for 
9.7% of the variation in change in SL, indicating that the inclusion of log anemone area 




Table 1. Change in standard length of juvenile Amphiprion percula. Summary of the 
results (fixed effects) of a mixed model analysis that investigated the effect of multiple 
independent variables while accounting for fish ID as a random factor.  
 
Effect        ß-Estimate            Std. Error            t value            p-value 
 
Intercept        6.19           0.66   9.43  <0.001 
Log Anemone Area      1.04           0.21   4.87  <0.001 







Figure 1. (a) Estimated change in standard length of juvenile Amphiprion percula as a 
function of log anemone area. (b) Estimated change in standard length as a function of 
initial standard length. Estimates come from a mixed model analysis that included fixed 







Change in Clownfish Body Depth in Response to Variation in Anemone Size  
Change in body depth was related to both log anemone area and initial standard length 
(Table 2). There was a significant positive effect of log anemone area on change in SL in 
the mixed model (Figure 2a). A 1-unit increase in log anemone area is associated with an 
increase in BD of 1.56mm. There was also a significant negative effect of initial BD on 
change in BD (Figure 2b), suggesting that for every 1 mm increase in initial BD, the 
change in BD decreases by 0.52mm. Log anemone area and initial BD together explain 
36.8% of the variability in change in body depth (Marginal R2: 0.368).  A reduced model 
which only included initial BD accounted for 14.7% of the variation in change in BD, 
indicating that the inclusion of log anemone area explained an additional 22.1% of the 
variation in change in BD.  
 
Table 2. Change in body depth of juvenile Amphiprion percula. Summary of the results 
(fixed effects) of a mixed model analysis that investigated the effect of multiple 
independent variables while accounting for fish ID as a random factor.  
 
Effect        ß-Estimate            Std. Error            t value            p-value 
 
Intercept        2.60           0.65   3.98  <0.001 
Log Anemone Area      1.58           0.23   6.72  <0.001 






Figure 2. (a) Estimated change in body depth of juvenile Amphiprion percula as a 
function of log anemone area. (b) Estimated change in body depth as a function of initial 
body depth. Estimates come from a mixed model analysis that included fixed effects and 









While vertebrate growth is thought to be relatively inflexible, there are classic examples 
of vertebrate growth plasticity in response to abiotic factors (Wikelski & Thom 2000), 
predator-prey interactions (Brönmark & Miner 1992; Pfennig 1990), and competitive 
interactions (Buston 2003; Huchard et al. 2016). Here, I investigated the potential for 
vertebrate growth plasticity in response to a mutualistic interaction, using the iconic 
mutualism between anemonefishes and their host sea anemones. Specifically, I tested the 
hypothesis that the widespread positive correlation between size of the largest 
anemonefish in any given group and size of their host sea anemone (Allen 1972; Sale 
1972; Fricke and Holzberg 1974; Fricke 1980; Donaldson 1989; Fautin 1992; Kuwamura 
et al. 1994; Buston 2003; Mitchell & Dill 2005), will be explained by plasticity of 
anemonefish growth in response to variation in anemone size. I found that anemone area 
was significantly and positively related to the growth of juvenile Amphiprion percula: 
fish in larger anemones grew more than fish in smaller anemones, in regards to both 
standard length and body depth, over the course of the experiment (112 days).   
 
There are three plausible explanations for what the fish might be responding to: i) 
increased food availability in larger anemones; ii) increased availability of egesta (waste 
pellets) in larger anemones; and iii) increased space in larger anemones.  Considering the 
first of these alternatives, in our laboratory experiment, increased growth occurred even 
though all fish received the same food ration. Rather than being dependent on the 
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variation in food availability, this demonstrates that growth was a plastic response to 
variation in anemone size or egesta. In the wild, food availability related to anemone area 
may play an additional role in influencing growth disparities. Turning to consider the 
second of the alternatives, it is also possible that fish may grow more in larger anemones 
if large anemones produce more egesta and the fish consume the egesta (Verde et al. 
2015). While we attempted to feed individuals in the study to satiation, which might 
preclude them from ingesting anything else, we cannot rule out the possibility that 
anemone egesta were also consumed. To test this alternative, one could conduct an 
analogous experiment with artificial anemones that do not produce egesta. Such an 
experiment would also enable one to test the third alternative, that fish are responding to 
the increased space that larger anemones provide. While all fish in the study had an equal 
amount of space in their cylinders and tanks, A. percula tend to be extremely attached to 
their anemones and often do not travel more than a few centimeters outside of their 
tentacles in the wild (Elliott & Mariscal 2001, Buston 2003, Buston 2003) or in the lab 
(personal observation). Therefore, as they mostly stayed nestled within their anemones, 
individuals with larger anemones had access to more space within their individual 
habitats. A further set of experiments will be needed to effectively discriminate among 
the second and third mechanisms.   
 
The study raises the question of what the outcome of this growth plasticity would look 
like in nature. Using the estimates of the mixed model analyses (Tables 1), change in SL 
per month was calculated as a function of initial SL and log anemone area, enabling us to 
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predict the SL of fish in varying sizes of anemones over 12 months (Figure 3a). [The 
same could be done for BD]. 
 
∆𝑆𝐿$%&' 	= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙	𝑆𝐿$% + 6.19 + (1.04 ∗ ln(𝑎𝑛𝑒𝑚𝑜𝑛𝑒	𝑎𝑟𝑒𝑎)) − (0.28 ∗ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙	𝑆𝐿$%) 
   
For example, a fish living in an anemone with a radius of 6.87 cm [ln(anemone area) = 5] 
would grow to have an SL that is 40.1 mm, whereas a clownfish with the same initial size 
that inhabits an anemone with a radius of 0.93 cm [ln(anemone area)=1] would grow to 
have an SL that is 25.5 mm after 12 months (Figure 3a; Table 3). With each unit increase 
in log anemone area, fish in the predictive model appear to be 3.64 mm larger in SL at the 
end of one year (Figure 3a; Table 3). Since initial size has a negative relationship with 
growth, standard length asymptotes by twelve months and does not change thereafter 
(Figure 3a). Over time this plasticity of growth in response to anemone size would likely 
result in variation in fish size as a function of anemone size similar to that seen in nature 
(Figure 3b; Allen 1972; Sale 1972; Fricke and Holzberg 1974; Fricke 1980; Donaldson 
1989; Fautin 1992; Kuwamura et al. 1994; Buston 2003; Mitchell & Dill 2005). This 
leaves the outstanding question, what is the performance advantage of this plasticity, i.e., 
why would natural selection favor fish growing to be large in large anemones but 
























Figure 3. (a) Predicted size of juvenile clownfish Amphiprion percula as a function of 
time, in anemones of varying sizes. Initial SL is assumed to be the population mean 
(10.86 mm) and growth occurs according to the parameter estimates of the mixed model 
(Table 1; Equation 1). Lines top to bottom are: ln(anemone area) = 5; ln(anemone area) = 
4; ln(anemone area) = 3; ln(anemone area) = 2; ln(anemone area) = 1. (b) Predicted size 
of juvenile clownfish Amphiprion percula after twelve months as a function of ln 



























Table 3. Standard length after 1 year for each log anemone area used in the predictive 
model. Log anemone area is shown as both anemone radius and area.  
 
Anemone Radius Anemone Area  Log Anemone Area SL After 1 Year 
(cm)    (cm2)   (cm2)   (mm) 
 
0.93   2.72   1   25.53 
1.53   7.39   2   29.17 
2.53   20.09   3   32.82 
4.17   54.60   4   36.46 
6.87   148.41   5   40.10 
 
 
As benthic invertebrates that exhibit indeterminate growth, anemone size in the wild will 
be indicative of resource availability in a particular habitat (Sebens, 1981). Therefore, 
fish likely grow larger in large anemones and smaller in small anemones to grow to a size 
that is energetically sustainable and optimal for the environmental conditions in which 
they live. On the one hand, fish growing too large for the size of their anemone may lead 
to not enough food being available to support metabolic demands, resulting in reduced 
survival and/or reproduction. On the other hand, selection might favor the fish growing as 
large as possible within the anemone they inhabit, because being large can confer 
multiple fitness benefits. First, anemonefish size is tightly correlated with reproductive 
success (Saenz-Agudelo et al. 2015; Barbasch et al. 202X). Second, larger anemonefish 
(and larger anemonefish groups) may be better able to protect their host anemone on 
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which they depend for protection from predators (Allen 1972; Fricke 1975; Moyer 1980; 
Godwin & Fautin 1992). Third, larger anemonefish (and larger anemonefish groups) 
might enhance the growth of their host anemones (Schmitt & Holbrook 2003; Porat & 
Chadwick-Furman 2004; Ollerton et al. 2006), leading to a positive feedback between 
both partners of the mutualistic relationship.  
 
Conclusions 
In this study we investigated the relationship between A. percula and E. quadricolor to 
determine if vertebrate growth plasticity can occur in response to a variation in 
mutualistic environment. I found that the growth of juvenile A. percula was significantly 
and positively related to anemone area, suggesting that the mutualistic interaction 
between the two species is essential in understanding why A. percula grow to be a certain 
size. This finding suggests that in the wild, anemone size acts as an indicator of 
environmental conditions and resource availability which in turn allows for an adaptive 
phenotypic response to anemone size. Vertebrate growth plasticity in response to 
anemone size enables A. percula to maximize reproduction, protect their host, and even 
stimulate anemone growth while also preventing individuals from growing to a size they 
are unable to sustain. An important next step would be to investigate the mechanisms by 
which this phenotypic change occurs. This size variation was not related to increased 
food availability in larger anemones, as the plastic response to anemone size occurred 
irrespective of food availability in the study. Therefore, this variation is likely due to 
either increased availability of egesta in larger anemones, or increased space in larger 
anemones. Prior to this study, it was unknown if the size of individual anemonefish was 
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dependent on anemone size. Here, we provide evidence to support the idea that individual 
anemonefish exhibit plasticity of growth and size in response to variation in anemone 
size. By investigating this mutualistic interaction further, it will more thoroughly 
disentangle the relationship between female size, group size, and anemone size. Future 
studies based off this groundwork therefore have the ability to answer the question of 
what role direct mutualistic interactions play in the growth and size of individuals/groups 





Appendix A. R code for statistical analyses 
t.test(data$initial_sl~data$clutch) 
t.test(data$initial_bd~data$clutch) 
#A1. Change in SL as a function of clutch (change in SL predicted by clutch) 
A1<-lm(data$d_sl~data$clutch, data=data) 
summary(A1) 
#A2. Change in SL as a function of month (change in SL predicted by month) 
A2<-lm(data$d_sl~data$month, data=data) 
summary(A2) 
#A3. Change in SL as a function of initial SL (change in SL predicted by initial SL) 
A3<-lm(data$d_sl~data$initial_sl, data=data) 
summary(A3) 




#B1. Change in BD as a function of clutch (change in BD predicted by clutch) 
B1<-lm(data$d_bd~data$clutch, data=data) 
summary(B1) 
#B2. Change in BD as a function of month (change in BD predicted by month) 
B2<-lm(data$d_bd~data$month, data=data) 
summary(B2) 
#B3. Change in BD as a function of initial BD (change in BD predicted by initial BD) 
B3<-lm(data$d_bd~data$initial_bd, data=data) 
summary(B3) 












#Comparison of 2 above models 
anova(MSL,MSL1) 






#Comparison of 2 above models 
anova(MSL1,MSL2) 





#Comparison of 2 above models 
anova(MSL2,MSL3) 
#MBD (all 4 variables) 
MBD<-lm(data$d_bd~data$clutch+data$month+data$initial_bd+data$log_anem_area) 
summary(MBD) 
#MBD1 (minus clutch) 
MBD1<-lm(data$d_bd~+data$month+data$initial_bd+data$log_anem_area) 
summary(MBD1) 
#Comparison of 1 and 2 
anova(MBD,MBD1) 




#MBD3 (just anemone and month) 
MBD3<-lm(data$d_bd~+data$month+data$log_anem_area) 
summary(MBD3) 
#Comparison of 2 tests 
anova(MBD2,MBD3) 











coefs$p.z <- 2 * (1 - pnorm(abs(coefs$t.value))) 
coefs 























coefs3$p.z <- 2 * (1 - pnorm(abs(coefs3$t.value))) 
coefs3 
check_collinearity(m3) 
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